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NON-GAUSSIANITY FROM INFLATION

» Vacuum expectation value of a quantum field perturbation d¢ with inflationary Lagrangian £

[ Dloelopy, - - 0px, exp(i [, L(Ipk))

(Qdpxk, -+ 0oy, |Q) = fD[dcp]exp(i fC L(d¢x))

o Free theory L ~ dp* = ¢ Je £ is Gaussian

determined by 2-point function, n even,

0, n odd.

(Qopx, - 00k, |Q2) = {

o Interacting theory L ~ §¢p° 0¢*, ... = ¢ Je £ is non-Gaussian
Q)5 - - dpi., |Q) # 0 possible for all n, k-dependence characterises interactions

= Inflationary interactions are mapped to specific types of non-Gaussianity




NON-GAUSSIANITY FROM INFLATION

As the universe expands, quantum fluctuations become classical
perturbations ®, whose probability density Pr[®] is determined
by the inflationary Lagrangian £

Bardeen potential in
’ MDU, ¢ = —3R/5

<(I)k1 <o (I)kn> = /D[(I)](I)kl <o (I)knPI‘[(I)]

Constrain inflation by measuring these correlation functions in
observations

6dt galaxy survey
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NON-GAUSSIANITY FROM INFLATION

As the universe expands, quantum fluctuations become classical
perturba{--:r\ﬂn A-\ TAT]A nnnnnn 1‘\ ;J-TT "Dv.rrT\] -:n r]nl—nvm-:«v\ed
by the i

rdeen potential in
U ®=-3R/5

Primordial non-Gaussianity =
Constre

observe Accelerator in the sky

(reaching energy scale of inflation)

Planck 6df galaxy survey




NON-GAUSSIANITY FROM INFL NSO

& Why measure in large-scale structures? ‘VolKer Springel

Advantages:

LSS = most promising window for non-Gaussianity after Planck
In principle more information than CMB because 3D

Lots of data available or coming up (e.g. BOSS, DES, Euclid, LSST, WFIRST,
SKA, ...)

Single field inflation can be ruled out with halo bias (high sensitivity to
squeezed limit of the bispectrum)

Complications:

Non-linear gravity produces late time non-Gaussianity
Non-linear evolution of primordial input non-Gaussianity
Difficult modeling and data analysis

Observational issues: Halo bias, redshifts space distortions, survey geometry; ...




NON-GAUSSIANITY FROM GRAVITY

2 Even in a (boring) Gaussian universe, non-Gaussianity from gravity is
interesting

* Distribution of dark matter is different from that of galaxies w “Galaxy bias”
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2 Even in a (boring) Gaussian universe, non-Gaussianity from gravity is
interesting

human
Distribution of population is different from that of - w “Galaxy bias”
density

1 2
3w
-6 :
6-10

- J10-16

B i6-30
B30-85

B ss - 160
B i60- 550
B 550 - 1,100
W 1.100- 2500
B 2.500 - 5,000
B Over 5,000

¢
1
3

Adopted from Tobias Baldauf



gty v S0 SRV ACTRARE UG 1T

» Even in a (boring) Gaussian universe, non-Gaussianity from gravity is

interesting

human
Distribution of population is different from that of w “Galaxy bias”

density

Adopted from Tobias Baldauf



NON-GAUSSIANITY FROM GRAVITY

2 Even in a (boring) Gaussian universe, non-Gaussianity from gravity is
interesting

Distribution of dark matter is different from that of galaxies « “Galaxy bias”

Simplest ansatz:

0g(x) ~ b1d(x) + %bQ(s(x)? T

3-point function pins down bias model & parameters (b1, by, ...),
which is required to do cosmology with LSS data

Break degeneracies of systematic effects or cosmological parameters that are present at the
power spectrum (2-point) level

= Improve cosmological parameter constraints




NON-GAUSSIANITY FROM GRAVITY

2 Late-time motivation for LSS non-Gaussianity:

0: DM density
1 5 O¢: galaxy density
From (naive) 0,4(x) ~ b1d(x) + 5525 (%) +--- we get bi: linear bias

b>: quadratic bias

Galaxy power spectrum (2-point) Galaxy bispectrum (3-point)

P,(k) ~ b2Ps(k) By (k1, ko, k3) ~ b3 Bs(k1, k2, k3) + b3ba(Ps(k1) Ps (ko) + perms)

Cannot distinguish Break b1-Q2,, degeneracy, i.e. can Fry 1994

. Verde et al. 1997-2002
rescaling of Ps from by measure (2,, from LSS alone Scoccimarro ef l. 1998

Sefusatti et al. 2006
w b1-(0, degeneracy | Measure b>

But: No large-scale structure non-Gaussianity (bispectrum) pipeline

Complicated modeling (non-linear DM, bias, RSD, correlations, survey geometry, ...)




3-POINT CORRELATIONS
(BISPECTRUM)



POWER SPECTRUM + BISPECTRUM

@ 2-point function: power spectrum P g )

; i statistical isotropy
(@(k1)®@(ks)) = (2m)"0p (k1 + ko) Pe (k1)

A

statistical homogeneity




POWER SPECTRUM + BISPECTRUM

» 2-point function: power spectrum Pg )

; i statistical isotropy
(@(k1)®@(ks)) = (2m)"0p (k1 + ka) Po(F1)

A

statistical homogeneity

: : — statistical isotro
» 3-point function: o

Y ﬁ

Yy V V

(®(k1)® (ko) (ks3)) = (27)%6p (k1 + ko + k3 )Nt Ba (K1, ko, ks)

non-linear
bi t B
amplitude fNL J ispectrum Be |

primary diagnostic for non-Gaussianity (vanishes for Gaussian ®)




BISPECTRUM

2 Bispectrum (3-point correlation function in Fourier space)

* Defined for closed triangles (statistical homogeneity and isotropy)

non-linear

[l T~ | amplitude

(@ (k1)P(ko)@(k3)) = (2m)°0p (ki + ko + kS)'B@(kla ko, k3) < bispectrum

Bispectrum domain = ‘tetrapyd’
(=space of triangle configurations)

sum of the two smaller sides > longest side

0

(every point corresponds to a triangle config.)

kmax




BISPECTRUM SHAPES

Different inflation models induce different momentum dependencies (shapes) of Bg (k1, k2, k3)

Squeezed triangles (local shape) | Equilateral triangles : Folded triangles

]{71%]{2%]6‘3

|
|
|
Iz Iz A

kmax k 1 kmax

Arises in multifield inflation;
detection would rule out all
single field models!

Typically higher derivative

ot : : E.g. non-Bunch-Davies vacuum
kinetic terms, e.g. DBI inflation 5 viesv




ks

small scales

(large k)

large scales
(small k)

0 T

bispectrum drawn on space of
triangle configurations




NON-GAUSSIANITY
IN
LARGE SCALE STRUCTURES



NG IN LSS

B5 B?I‘&V _|_ B(Is)rlm

full matter gravitational primordial

bispectrum
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B5 Bégrav _|_ B(Is)rlm

full matter gravitational primordial

bispectrum




GRAVITATIONAL NG

e.g. Bernardeau,
Colombi, Gaztanaga,
Use perturbation theory on large scales: Scoccimarro 2002

5(k,t) = i D)6, (k)

on(k) = /d3Q1 x '/d3Qn5D(k —q1— =) E(ar, ..., dn)01(q) - 01 (an)
where

D(t) = linear growth factor (= a(t) during matter domination)

F'*) = kernels determined by Newtonian equations of motion



http://arxiv.org/find/astro-ph/1/au:+Bernardeau_F/0/1/0/all/0/1
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http://arxiv.org/find/astro-ph/1/au:+Colombi_S/0/1/0/all/0/1
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http://arxiv.org/find/astro-ph/1/au:+Gaztanaga_E/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Scoccimarro_R/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Scoccimarro_R/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Scoccimarro_R/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Scoccimarro_R/0/1/0/all/0/1

GRAVITATIONAL NG

For Gaussian initial conditions (Gaussian 01) the leading order bispectrum
from gravity is

<5(k1,t)5(k2,t)5(k3,t)> — D4(t) <51 (k1)51 (k2)52(k3)> -+ 2 perms

= BE™(ky, ks, ks) = 2Ps(k1;t) Py (ke ) FY¥ (k1, ko) + 2 perms

) 10 1k -ko (ki k 2 (ky-ko\”
F(ky ko) = 10 4 1 K 2(—1+ 2>+—( 1 2)

14 ' 2 kiks \ks ki 7\ kiko

from V9 - v in continuity eqn. from (v - V)v in Euler eqn.

maximum for ki = ko (folded), O for ki = —k2 (squeezed)
/\ L —

Ps(k1:t) = (2m)%0p (k1 + ko) D? () (61 (k1 )61 (ka)) ki - ko = %(kg — b=




NG IN LSS

B5 B?I‘&V _|_ B(l;)rlm

full matter gravitational primordial

bispectrum




PRIMORDIAL NG

Relation to density perturbation with Poisson equation (in linear theory):

linear growth function

linear matter transfer function | | (= a(t) D p—— domination)
(=1 on very large scales) %‘ ﬁ
) J

2 kT (k)D(t)
3 QH?

5(k, 1) O(k) = M(k,t)® (k)

= BY"™(ky, ko, ks; t) = M (ky, t)M (ko, t) M (ks, t) FxpBo (kv k2, ks)
late time linear transfer primordial

time dependence: BY™ o D3(t), BE™ o D*(t)

2 easier to see primordial contribution at earlier times (high z)




SIMULATION SETUP

initial field with
primordial non-
Gaussianity

2LPT

reconstructed
bispectrum and

B
JNL

S. Pueblas,
R. Scoccimarro,
V. Springel

|

bispectrum estimator

initial particle
positions

y

7. Gadget-3 by
80 V. Springel

/

late time density

perturbation

f




INITIAL CONDITIONS

initial field with

primordial non-

Gaussianity



INITIAL CONDITIONS: MATHS

Aim: Create non-Gaussian field d(x) = Pg(x) +7 Pya(x)
| full field  Gaussian non-Gaussian part
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INITIAL CONDITIONS: MATHS

Aim: Create non-Gaussian field d(x) = Pg(x) +7 Pya(x)
full field  Gaussian non-Gaussian part

Simplest case: local non-Gaussianity ~ ®(x) Po(x) + fan(PE(x) — (D))

General case: arbitrary bispectrum Bg

op (k — k' — k”)WB(k, k/, k”)CI)G(k/)(I)G(k”) Wagner et al 2010

fNL d3k/d3k//
Pne(k) = =~ (27)3

Ba(k, K, K")
Py (k)Po(k') + Po(k)Po (k") + Po (k') Po (k")

\ Symmetrisation required to

preserve power spectrum

Wg(k, k' k") (=2 in local case)




SPEED?

1
Non-separable bispectrum kernel: Wg(k, k', k") = R YRR

1

k4 Kk 4+ k" \'fe (k/)q)G (k//) (k” = -k-Kk’)

=  Pyg(k) ~ / &K d°k”

= SLOW: different integral over k’ for every k, i.e. ~N? operations

N = total # ptcles ~ 107




SPEED?

1
Non-separable bispectrum kernel: Wg(k, k', k") = R YRR

1
K+ Kk + K

=  ®yg(k) ~ / d°k' d* k" (k) Po (k) (k" = -k-K’)

= SLOW: different integral over k’ for every k, i.e. ~N? operations

N = total # ptcles ~ 107

Separable bispectrum kernel: Wg(k, k' k") = kk'k"

= Dya(k) ~ / PR PR E D6 (k)P (K”)

=k [ / d3k’k’<I>G(k’)] X [ / d3k”k”<I>G(k”)]

« FAST: two 3D integrals, i.e. ~N operations




SPEED?

1
Non-separable bispectrum kernel: Wg(k, k', k") = R YRR

F

(k” — _k_kl)

erations

] # ptcles ~ 10”

Separability = Efficiency

Separable t

| = — | =

« FAST: two 3D integrals, i.e. ~N operations




FAST INITIAL CONDITIONS

N = total # pteles ~ 10° Fergusson, Regan, Shellard PRD 86, 063511 (2012), arXiv: 1008.1730

/ Regan, MS, Shellard, Fergusson PRD 86, 123524 (2012), arXiv:1108.3813

Need ~N? operations in general, but only ~N operations if W was separable:
Wpg (kv kla k//) — fl (k)fQ(k,)ffS(k”) + perms
Expand W5 in separable basis functions to get ~N scaling for any* bispectrum:

equilateral (inside the volume)

k2
small scales

(large k)

— (X —|—C¥1 —|—042

large scales| |

matl) | = aptarkK'k" +az(kKE')? +

0 “mi k1

expansion in separable basis functions
(decorrelate for convenience; around 100 basis functions
represent all investigated bispectra with high accuracy)

Wp(k,k’,k”) on space of triangle
configurations

*Scoccimarro and Verde groups try to rewrite W3 analytically in separable form; this works sometimes, but not in general




INITIAL CONDITIONS

Regan, MS, Shellard, Fergusson PRD 86, 123524 (2012), arXiv:1108.3813

2 Fast and general non-Gaussian initial conditions for N-body simulations

* Arbitrary (including non-separable) bispectra, diagonal-independent trispectra
* This is the only method to simulate structure formation for general inflation models to date
» Idea:
equilateral (inside the volume)
b

small scales
(large k)

=0 +a; + g

large scales| |
(small k) |, P expansion in separable, uncorrelated basis functions

. (around 100 basis functions represent all investigated

bispectrum drawn on space of bispectra with high accuracy)
triangle configurations




NON-GAUSSIAN N-BODY SIMS

MS, Regan, Shellard 1207.5678

Application: - Generate non-Gaussian density
» Convert to initial particle positions and velocities by applying 2LPT to glass
configuration or regular grid (spurious bispectrum at high z decays at low z)
* Feed into Gadget3

Name NG fNL ~p< ; Ls[l%] N, glass
shape

G512g 512
G512 1600 512
G312 {400,100} 512
G768 2400 768
G1024 1875 1024
Locl0g 1600 512
Locl0 1600 512
Loc103" {400,100} 512
Locl0™ 1600 512
Loc20 1600 512
Loc50 1600 512
Eq100g 1600 512
Eq100 1600 512
Eq1005' {400,100} 512
Eq100~ 1600 512
Orth100g 1600 512
Orth100 1600 512
Orth10035: 400 512
Orth100~ 1600 512
Flat10 1600 512
Flat10]5 400 512

yes
no
no
no
no

W W W W W W W W WWwWwWwWwwwwwwhhwwwow



http://arxiv.org/abs/1207.5678
http://arxiv.org/abs/1207.5678

BISPECTRUM
ESTIMATION

bispectrum estimator




BISPECTRUM ESTIMATION: MATHS

Fergusson, Shellard et al. 2009-2012
MS, Regan, Shellard 1207.5678

Likelihood for fni. given a density perturbation di

Ok, Ok., O
(271')3 (27‘(‘)3 (27T)3 RN < ki }f k3>4 851{1 851{2 851{3 + vdet >

x fnL Bs

£O(/ d3k1 d3k2 d3k3 1 a (9 8 ]_ He_%élti(c_l)ijékj

O<P5

Maximise w.r.t. fx1. (given a theoretical bispectrum B theoy

1 / APk, d3ky dks (27)36p (k1 + ko + ks) B0 (K, ko, k3 )0k, Ok, Ok,
" Ny, J @n)F (203 (2n)3 Ps (k1) Ps (k) Ps (k3)

theo

Requires ~N2 operations in general, but only ~N operations if B;'“” was separable
w Measure amplitudes B, of separable basis functions

= Combine them to reconstruct full bispectrum from the data:

Ps(k1)Ps(k2)Ps(k
k17k27k3 ZﬁR\/ 5 . k’fligzi)g 5( S)Rn(k17k27k3)

depends on data
d3k eikx qr(k)élO(bS
kPs (k)

where 3, = anmﬁ 6,%5/d3xMr(x)Ms(x)Mt(x),



http://arxiv.org/abs/1207.5678
http://arxiv.org/abs/1207.5678

BISPECTRUM ESTIMATION

MS, Regan, Shellard 1207.5678

2 Fast and general bispectrum estimator for N-body simulations

Measure ~100 fno amplitudes of
separable basis shapes, combine them to
reconstruct the full bispectrum

o Scales like 100xN instead of N2, where
N~10? (speedup by factor ~107)

» Can estimate bispectrum whenever
power spectrum is typically measured

Validated against PT at high z
» Useful compression to ~100 numbers
» Automatically includes all triangles

Loss of total S/N due to truncation of

basis is only a few percent
(could be improved with larger basis; for ~N
basis functions the estimator would be exact)

z=30

Gravity

Excess bispectrum
for local NG

Expansion
of theory



http://arxiv.org/abs/1207.5678
http://arxiv.org/abs/1207.5678

CONSISTENCY CHECK

initial field with
primordial non-

Gaussianity

reconstructed
bispectrum and bispectrum estimator

B
JNL




CONSISTENCY CHECK
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CONSISTENCY CHECK

Regan, MS, Shellard, Fergusson 1108.3813

Generate non-Gaussian field ® and estimate its bispectrum, both with
separable mode expansion (no time evolution)

ll\})fal — 100 | I ;%Uilateral — 500

15 20 25 30
n

5 realisations with N = 512 and L = 100 Mpc/h
more shapes and generalisation to trispectrum: 1108.3813




FULL RUN & RESULTS

initial field with

primordial non initial particle

AN ositions
Gaussianity |

reconstructed
bispectrum and bispectrum estimator

B
JNL

late time density

perturbation




GAUSSIAN

SIMULATIONS



GAUSSIAN SIMULATIONS
COMPARISON WITH TREE LEVEL

MS, Regan, Shellard 1207.5678
z=30 J Tree level theory N-body

1.5 0.5
.4 0.4
1.3 0.3

k_[hMpc]

3
o
N

g R T
;;;;
- *.'P'!. >

0.1 05 0.1 0.5
0.2 0.4 02 0.4
03 , 0.3 0.3 ) 0.3
0.4 0.4

0. 0.
0.1 0.1
0.5 k [hMpc] 0.5 k [hiMpc]

k [Mpc] k [WMMpc]

0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

Plot S/N weighted bispectrum \/k; koksBs(k1, ka, k3)/v/ Ps (k1) Ps(k2) Ps (k3)
3 realisations of 5123 particles in a L = 1600 Mpc/h box with zinit= 49 and k = 0.004 - 0.5 /Mpc


http://arxiv.org/abs/1207.5678
http://arxiv.org/abs/1207.5678

GAUSSIAN SIMULATIONS
COMPARISON WITH TREE LEVEL

MS, Regan, Shellard 1207.5678

Tree level theory N-body

1D 0.5
1.4 0.4
1.3 0.3

k [Mpc]

o
r

o
-

0.1 05 0.1 0.5
0.2 0.4 0.2 0.4
0.3 ) 0.3 0.3 ) 0.3
0.4 0.4

0. 0.
ok 0.1 o5 0.1
k [hMpc] k [hMpc]
k [WMpc] 2 k [hMpc] z

0 o 10 15 20 Z5 30 35 0 5] 10 15 20 £5 30 35

Plot S/N weighted bispectrum \/k; koksBs(k1, ka, k3)/v/ Ps (k1) Ps(k2) Ps (k3)
3 realisations of 5123 particles in a L = 1600 Mpc/h box with zinit= 49 and k = 0.004 - 0.5 /Mpc
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GAUSSIAN SIMULATIONS
COMPARISON WITH TREE LEVEL

MS, Regan, Shellard 1207.5678

Tree level theory N-body

1.5 0.5

1.4 0.4

1.3 o 0.3 . 4 :
-‘E.- B -

)2 = 0.2 _ F 4

11 - 0.1 , Es ' .

0.1 05 0.1 0.5
0.2 0.4 0.2 0.4
0.3 0.3 0.3 0.3
0.4 02 0.4 0.2
: 0.1 : 0.1
0.5 0.5

k [hMpc] k [hMpc]

k [hMpc] k [hMpc]

0 10 20 30 40 o0 60 0 10 20 30 40 o0 60

Plot S/N weighted bispectrum \/k; koksBs(k1, ka, k3)/v/ Ps (k1) Ps(k2) Ps (k3)
3 realisations of 5123 particles in a L = 1600 Mpc/h box with zinit= 49 and k = 0.004 - 0.5 /Mpc


http://arxiv.org/abs/1207.5678
http://arxiv.org/abs/1207.5678

GAUSSIAN SIMULATIONS
ON SMALL SCALES

MS, Regan, Shellard 1207.5678

z7=2 J z=1 J 7z=0 J

N-body N-body

k [hMpc]

o
ol

!".'-,'I_: \k o B > ‘.\.\k-
0.5 0.5
k [hWMpc] k [WMpc] ' k [hWMpc]

k [hMpc] | kM) 2 | k [hMpc]

60 80 80 100 120 140 50 100 150 200

Plot S/N weighted bispectrum \/kykoksBs(k1, ka2, k3)// Ps(k1)Ps(k2)Ps(k3)
3 realisations of 5123 particles in a L = 400 Mpc/h box with zinit =49 and k = 0.016 - 2.0 h/ Mpc



http://arxiv.org/abs/1207.5678
http://arxiv.org/abs/1207.5678

GAUSSIAN SIMULATIONS
COMPARISON WITH DARK MATTER

7= 4 J MS, Regan, Shellard 1207.5678

DM density DM bispectrum

| 2
15
)
jo B
= 1
<,
i
- 4 —15 ~
§ 0.5
2
- 4 =2 k,[hMpc] 1
< 1
’ N\ 2
401\/[ S | k [hiMpc]
b/ » N s
Sl S e T . s S S e o 10 20 30 40 50

Plot DM density in (40 Mpc/h)3 subbox and bispectrum signal v/ k1 koks Bs(k1, k2, k3)/+/ Ps (k1) Ps (ko) Ps(ks3)
5123 particles in a L = 400 Mpc/h box with zinit=49 and k = 0.016 - 2 h / Mpc
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GAUSSIAN SIMULATIONS
COMPARISON WITH DARK MATTER

= 2 J MS, Regan, Shellard 1207.5678

DM density DM bispectrum

| 2
1
15
T
j=1
= 1
- —1.5 £
jan]
=
q 0.5
.
0.5 2
| K [hMpc] g 1
g . : 0.5
- 14 —2.5 Z
is @@ : | K lhiMp
be/ i . s
e S e, e e 0 10 20 3 40 50 60 70 80 90

Plot DM density in (40 Mpc/h)3 subbox and bispectrum signal v/ k1 koks Bs(k1, k2, k3)/+/ Ps (k1) Ps (ko) Ps(ks3)
5123 particles in a L = 400 Mpc/h box with zinit=49 and k = 0.016 - 2 i/ Mpc


http://arxiv.org/abs/1207.5678
http://arxiv.org/abs/1207.5678

GAUSSIAN SIMULATIONS
COMPARISON WITH DARK MATTER

Z:O J MS, Regan, Shellard 1207.5678
DM density DM bispectrum
21> o
~0.5
. 2
1
15
= —1.5 E
= 1
T 1_, 0.5
= —2.5 5
k [hMpc]
1 1., _
2 k,[hMpe]
50 100 150 200 250 300

Plot DM density in (40 Mpc/h)3 subbox and bispectrum signal v/ k1 koks Bs(k1, k2, k3)/+/ Ps (k1) Ps (ko) Ps(ks3)
5123 particles in a L = 400 Mpc/h box with zinit=49 and k = 0.016 - 2 h / Mpc
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GAUSSIAN SIMULATIONS
SUMMARY

MS, Regan, Shellard 1207.5678

z Summary Gaussian N-body simulations

DM density DM bispectrum

signal
Measured gravitational DM bispectrum -

for all triangles down to k=2hMpc! pancakes ‘ ‘. A ~ flattened

Non-linearities mainly enhance
‘constant” 1-halo bispectrum

z=4

Bispectrum characterises 3d DM
structures like pancakes, filaments,
clusters

Self-similarity A . v
(constant contribution appears towards late > el K
times at fixed length scale, and towards small N —

K [Mpc]

1
15
N k [hMpc]
50 100 150 200 250 300

[, |

scales at fixed time)

flaments ‘ |
& clusters enhanced

equilateral
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NON-GAUSSIAN

SIMULATIONS



LOCAL NON-GAUSSIAN SIMS

MS, Regan, Shellard 1207.5678

z=3OJ

Tree level theory N-body

- 0.5

/ 03 0.4

0.2

) : 0.1 - 0.1
0.5 kz[hi'MpC] k1[hr'MpC] 0.5 kz[h.’MpC]

.15 0.2 0.25

0.05 0.1 0.15 0.2 0.25

k [W"Mpc]

0.05 0.1

0

Plot S/N weighted excess bispectrum +/k1koksBs(k1, ko, ks)/+/Ps(k1)Ps (ko) Ps(ks3)
3 realisations of 5123 particles in a L = 1600 Mpc/h box with zinie= 49 and k = 0.004-0.5 1/ Mpc, fanr=10
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LOCAL NON-GAUSSIAN SIMS

MS, Regan, Shellard 1207.5678

z=2 J Tree level theory N-body

k [hMpc]

- 01 : 0.1
0.5 k [Mpc] 0.5 k [hMpc]

k [WMpec]
02 025 03

0.06 0.1 016 02 026 03

k [WMpec]

0.06 0.1 0.

15

Plot S/N weighted excess bispectrum +/k1koksBs(k1, ko, ks)/+/Ps(k1)Ps (ko) Ps(ks3)
3 realisations of 5123 particles in a L = 1600 Mpc/h box with zinit = 49 and k = 0.004-0.5 1/ Mpc, fnr=10
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LOCAL NON-GAUSSIAN SIMS

MS, Regan, Shellard 1207.5678

z=0 J Tree level theory N-body

k_[hfMpc]

3

- 0.5
/ 0.4
0.3
_ 0.2
05 1 Meg 05 "1 M
k[hMpc] AP k [hMpc] AP
0.15 02 025 03 0. 0.05 01 015 0.2 025 03 035

Plot S/N weighted excess bispectrum +/k1koksBs(k1, ko, ks)/+/Ps(k1)Ps (ko) Ps(ks3)
3 realisations of 5123 particles in a L = 1600 Mpc/h box with zinit = 49 and k = 0.004-0.5 1/ Mpc, fnr=10
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OTHER SHAPES

MS, Regan, Shellard 1207.5678
2 Excess DM bispectra for other non-Gaussian initial conditions

multiple fields higher derivatives non-standard vacuum
(local) (equilateral) (flattened)

0.

o

r—
0
j= 1
=
-
=
el
[2s]
]

o
-

/

" 03 % |

— 0.2

: 0.1 : ;
hikA
k[hMpc] k[hivpc] k [hMpc] K [hMpc] k [h/Mpc]

z=0, kmax=0.51Mpc’!, 5123 particles
Non-linear regime:

Tree level shape is enhanced by non-linear power spectrum
Additional ~constant contribution to bispectrum signal

Quantitative characterisation with cumulative S/N and 3d shape correlations in 1207.5678
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SIMILARITY OF SHAPES

Babich et al. 2004, Fergusson, Regan, Shellard 2010

Introduce scalar product (', )est, shape correlation C and norm || 3|

v
<BiaBj>est — —/ dkldkgdkg
VB

kikoksBi(k1, ko, k3)Bj(k1, ka2, k3)
Py (k) D5 (g ) Py ()

T

(Bi, Bj)est if |C(B1,B2)| < 1 then
\/<B. B.> t<B' B-> ; < [_1’ 1] estimator for B; cannot
19y 21 /es 7y L2 /es

find any B, and vice versa

C(B%Bj)

|B|| = v (B, B) total integrated S/N

~ gtheo projection of

— < NL > — C(BgatangheO) data on theory




[m]

C .. ke [0.0639,0.5]h/Mpc
NG initial + ok €[0.0039,0.25/h/Mpc Btheo

.« . . 40+ Ak €1[0.0039,0.13]h/Mpc -
conditions with
local __ . ~
N = 10 3530' 1 rlocal
]
Ok € [() 0039. 0. )]llf’\[p( NL
) ke [0.0039, 0.2 }h/l\lp(' 20_@ o
Ak e [0.0039,0.13]h/Mpec o _°
102 - 24— % % 45%%m — —a B— -
100~ -
g
o theo
0?2 50+t 1 Blocal
I o A
i__i_g_i@rmm——m——m——@ ~
= | : BNG
:CZD 10¢ = 5 &g ; B F
e L Za 121l
— __ 2 _©° e2ceesese — —o o0— -0 ] O< NL
1 A—_A_A_A,A_MAAAQ_—A—_A__Ag
1—;———5—@gs@fmm——af—a—ﬂ- A R
- 5 theo
fi 0.8} . ] Blocal BNG
D! A
Car,th> 0.9613
061 | ' C(BNG, Blocal)
1f; ' ]
> ] Bne

¥ v - 4 _4; _% BG&USS

C(BNGa BGauss)

MS, Regan, Shellard 1207.5678



TIME SHIFT MODEL

MS, Regan, Shellard 1207.5678

2 Time shift model

Non-Gaussian universe evolves slightly faster
(or slower) than Gaussian universe Non-Gaussian universe Gaussian universe

Halos form earlier (later) in presence of 1-halo 1-halo

primordial non-Gaussianity bispectrum bispectrum
atz at z+Az

Primordial non-Gaussianity gives growth of the
1-halo bispectrum a ‘headstart’ (or delay)

Motivates simple form of non-Gaussian excess bispectrum:

PN (k) PN (ko) PNL (K n y
B = \/ e ) By (ke  ka, Kig) +cAz0:[D™ (2)(ky + K + ks)”

\

perturbative with non-linear power time shifted 1-halo term

See Valageas for similar philosophy in
Gaussian case (combing PT+halo model)
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FITTING FORMULAE

MS, Regan, Shellard 1207.5678

2 Simple fitting formulae for grav. and primordial DM bispectrum shapes

Valid at 0 <z < 20, k < 2hMpc’!
3d shape correlation with measured shapes is > 94.4% at 0 < z <20 and > 98 % at z=0
(= 99.8% for gravity at 0 <z < 20)

Only ~3 free parameters per inflation model (local, equilateral, flattened, [orthogonal])
v~ —1.7

BNG \/ By (k)P (ko) Bs (ka) po (o) k. i) +eA20, [D(2)] (ky + ko + k3)”

Pg (k1)Ps(k2)Ps (ks)

- 7

perturbative with non-linear power

time shifte(r 1-halo term

Quality of fit:
A

Simulation 1,2 h allz  z=0

99.8% 99.8%

G512¢g 4.1 x 10°

Locl0
Eq100
Flat10

2 x 103
8.6 x 102
1.2 x 10*

99.7%
97.9%
98.8%

99.8%
99.4%
98.9%

Gio
Locl0583
Eq1003,2
Flat10352
Orth100332

1.0 x 107

2 x 10°dD/da
8.6 x 10°dD/da
1.2x10*dD/da

—92.6 x 102

R R I

99.8%
98.2%
94.4%
97.7%
97.3%

99.8%
99.0%
97.9%
99.1%
98.9%

Overall amplitude needs
to be rescaled by (poorly
understood) time-
dependent prefactor;
extends Gil-Marin et al
formula to smaller scales

and NG ICs
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CONCLUSIONS

Conclusions

z Efficient and general non-Gaussian N-body initial conditions
2 Fast estimation of full bispectrum
™ new standard diagnostic alongside power spectrum

& Tracked time evolution of the DM bispectrum in a large suite of non-
Gaussian N-body simulations

& Time shift model for effect of primordial non-Gaussianity

2 New fitting formulae for gravitational and primordial DM bispectra

See 1108.3813 (initial conditions)
1207.5678 (rest)




PART II:

JOINT ANALYSIS OF
CMB TEMPERATURE AND
LENSING-RECONSTRUCTION
POWER SPECTRA

arXiv:1308.0286 (PRD 88 063012)

Collaborators
Anthony Challinor (IoA/DAMTP Cambridge)
Duncan Hanson (McGill)

Antony Lewis (Sussex)

Berkeley 22 Oct 2013
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THE COSMIC MICROWAVE BACKGROUND (CMB)
BASICS

Proton
Helium

Photon
nucleus

Neutron
Electron Helium Modern

< appear appear appear
- e e
! A "\f\.\l r.

Hu & White, Sci. Am., 290 44 (2004)



The Cosmic Microwave Background as seen by Planck and WMAP

Credit:
ESA and Planck Collaboration;
NASA | WMAP Science Team

.

Planck




Credit: Planck Chromoscope
http://astrog80.astro.cf.ac.uk
Planck/Chromoscope/

Chris North, Stuart Lowe
ESA/Planck Collaboration;

Paul Shellard
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Credit: Planck Chromoscope
http://astrog80.astro.cf.ac.uk
Planck/Chromoscope/

Chris North, Stuart Lowe
ESA/Planck Collaboration;

Paul Shellard
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Credit: Planck Chromoscope
http://astrog80.astro.cf.ac.uk
Planck/Chromoscope/

Chris North, Stuart Lowe
ESA/Planck Collaboration;
Paul Shellard
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Credit: Planck Chromoscope
http://astrog80.astro.cf.ac.uk
Planck/Chromoscope/

Chris North, Stuart Lowe
ESA/Planck Collaboration;
Paul Shellard
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THE COSMIC MICROWAVE BACKGROUND (CMB)
BASICS

Power spectrum (2-point correlation function in multipole space)

Angular scale
10 0.2° . 0.07°

ESA and Planck |
Collaboration

o

10 50 500 1000 1500 2000 2500
Multipole moment, [




CMB LENSING
BASICS

CMB photons are deflected by the inhomogeneous distribution of DM
along the line of sight:

ESA and Planck
Collaboration

Deflection = gradient of lensing potential ¢ (integral over matter
perturbations along the line of sight)




CMB LENSING
EFFECTS OF LENSING ON THE CMB

(a) Smoothing CMB 2-point function

Acoustic peaks/troughs are smoothed

out by lensing

(since lensed CTT _ convolution of unlensed
CTIT and C99)

Fig. from Smidt et al. 0909.3515

800 1000 1200 1400 1600 1800

[




CMB LENSING
EFFECTS OF LENSING ON THE CMB

(a) Smoothing CMB 2-point function

Acoustic peaks/troughs are smoothed
out by lensing

(since lensed CTT _ convolution of unlensed
CTT and C¢9¢)

6000

Fig. from Smidt et al. 0909.3515

800 1000 1200 1400 1600 1800

[

(b) Non-zero CMB 4-point function

For fixed realisation of lenses, the lensed
temperature fluctuations are anisotropic

" Mode coupling (off-diagonal covariance)
(TA+L)T*(1))cmp o o(L)
= Reconstruct lenses from lensed T

érec(L) X /IT(I)T* (l — L) X Weight

= Get lensing power from T trispectrum*

c;f¢ x /1 1/ TT*(1 - LYT(—1)T*(L - 1)

P

ESA and Planck
Collaboration

‘;‘ * All quadrilaterals whose diagonal has length L



CMB LENSING
PLANCK RECONSTRUCTION

* Reconstructed mass map




CMB LENSING
PLANCK RECONSTRUCTION

» Power spectrum of the deflection field

I ' ESA and the Planck

MV Collaboration
143GHz
217GHz

% = SPT (2012)
¥ B ACT (2013)

500 1000 2000
L




CMB LENSING
MOTIVATION

Why do we care?
Probe late time DM distribution to break degeneracies of primary CMB, or get bias
Both (a) and (b) detected at many-o level (ACT, SPT, Planck; soon ACTPol, SPTpol)

How do CMB experiments deal with lensing?

(a) Smoothed CT7T automatically included by using lensed power spectrum

0.70

(b) Reconstruction ¢rec can be added, e.g. for Planck: %0 I B I 075

72 0.65

Reduction of errors on Qxand Q) by factor ~2 i
(evidence for flatness and DE from CMB alone*) 64T 714 1 [ oss
" /

/ 4 050
56 1 14 045

Constraint on 7 without WMAP polarization

0.35

0.40
: . 48 :
Neutrino masses: curious preference for large m, . I

0.30

. . . 40 ] ] | ]
Consistency with z~1100 CMB physics seen by Planck ~0.12 —0.08 —0.04 0.00 0.04
Qe Planck Paper XVII

*First found by Blake Sherwin et al. 2011 (with ACT)




CMB LENSING
MOTIVATION

Why do we care?
Probe late time DM distribution to break degeneracies of primary CMB, or get bias
Both (a) and (b) detected at many-o level (ACT, SPT, Planck; soon ACTPol, SPTpol)

How do CMB experiments deal with lensing?

(a) Smoothed CT7T automatically included by using lensed power spectrum

0.70

(b) Reconstruction @rec can be added, e.g. for Planck: %0 L I — g °"
72 :

. 0.65
Redu("l"l e . =) r\£ raR2hbola b2 Valve b o n-- r‘\“/] n . L'

< 0.60

(evic Requires joint likelihood for CT7 and (¢rec®ree | oso

- 0.45

0.35

Neu
Con = Need COV(CA' ProcPrec C TT) L

. Paper XVII

0.30

Con
"= Non-trivial because derived from same CMB map I o

*First found by Blake Sherwin et al. 2011 (with ACT)




CMB LENSING RECONSTRUCTION
LIKELIHOOD INGREDIENTS

For likelihood based on reconstruction power spectrum C Prectree o, T need to know:

Expectation value (C?) = N éo) +C?+ N S) Kesden et al. 0302536

: . Hanson et al. 1008.4403
disconn.  connected 4-point

4-point
.; \\ MS, Challinor, Hanson, Lewis 2013

cg? — N
x 09— aN{O4 N{®
~ N
_ _C§¢
— P+ NV |
CiI‘CleSﬂ:AC%ﬂndiag '
crossesiAC’fﬂdiag |

10° 1000 1500 2000 2500

L (log scale) L (linear scale)




CMB LENSING RECONSTRUCTION
LIKELIHOOD INGREDIENTS

For likelihood based on reconstruction power spectrum C Prectree o, T need to know:

» Expectation value (C'{**?) = N éo) +C?+ N S) Kesden et al. 0302536

: . Hanson et al. 1008.4403
disconn.  connected 4-point

4-point

Auto-covarianCe COV(C%reC ¢rec : Cgbllrec ¢rec )

_ Hanson et al. 1008.4403;
»» Dominant contributions from disconnected 8-point of 7, MS, Challinor, Hanson,

Lewis 1308.0286
can be diagonalised with realisation-dependent N©) subtraction




CMB LENSING RECONSTRUCTION
LIKELIHOOD INGREDIENTS

For likelihood based on reconstruction power spectrum C Prectree o, T need to know:

3 ~ Arec Arec 0 1 .
Expectation value <C’f ¢ ) =N é ) + C’f(b + N é ) Eesde” et al. 0302536;
_ ] anson et al. 1008.4403
disconn.  connected 4-point

4-point

Auto-covariance cov(C’frqubrec ,C ¢fec¢rec)
Hanson et al. 1008.4403;

"» Dominant contributions from disconnected 8-point of 7, fscfgg;”gzrg ?”"SO”f
ewis .
can be diagonalised with realisation-dependent N©) subtraction

- 1 = Cgrec Qgrec NTT / \ MS, Challinor, Hanson,
Cross-covariance cov(C'y ,Cir) L N\ o halior |
L,
'
N/LL

" 6-point:

iochts
L1 L lo 1, L\. “o&"
cov(C9?, CTTY oo M) ( ’ 7734 M) 1115 (L) Gis1, (L)

mi Mo ms

~ ~ ~

X {(TL1T£2TL3TL4TL’M’TL’,—M’> - (1,71, T T14><TL'M'TL',—Mf>] -

L

(i) connected 6-point/ o (i) disc()hnected (iii) connected 4-point (neglect here)




Unlensed CMB

Lenses

Lensed CMB

Angular scale
0.2°

500 1000 1500 2000 2500
Multipole moment, [

10? 1000 1500 2000 2500

L (linear scale)

L (log scale)




Unlensed CMB

Lenses Cosmic
variance

Lensed CMB

C%rec (brec X T4

Angular scale
0.2°

500 1000 1500 2000 2500
Multipole moment, [

10? 1000 1500 2000 2500

L (linear scale)

L (log scale)



LIKELIHOOD INGREDIENTS
TEMPERATURE-LENSING POWER-COVARIANCE

MS, Challinor, Hanson, Lewis 1308.0286

(i) If lensing field fluctuates high, CMB power is smoother and reconstruction is high

= Derives from connected CMB 6-point at O(¢*)

0CTT

~ QBI'GC Qgrec ~ TT O(¢4) _ 2 ¢¢
COV(CL¢ 7CLT,expt)conn.6pt. T 2L¢ i 1 (CL¢>

Correlation of unbinned power spectra is up to ~0.04% (at low Ly!):

4
x 10

2500 Theory ) I 2>00 Simulations

2000 0 2000

15001 i 1500
&~ - ~
~ ~

10001 i 1000

0 ' ' ' ' - 0 ' ' ' '
0 300 400 0 100 300 400

Minima at acoustic peaks of temperature power which are decreased by larger lensing power; maxima at acoustic troughs



Unlensed CMB

Lenses

Lensed CMB

Angular scale
0.2°

500 1000 1500 2000 2500
Multipole moment, [

10? 1000 1500 2000 2500

L (linear scale)

L (log scale)



Unlensed CMB PGP il b Cosmic
2 g variance

Lenses

Lensed CMB

Angular scale
0.2°

500 1000 1500 2000 2500
Multipole moment, [

10? 1000 1500 2000

L (linear scale)

L (log scale)

2500



LIKELIHOOD INGREDIENTS
TEMPERATURE-LENSING POWER-COVARIANCE

MS, Challinor, Hanson, Lewis 1308.0286

(ii) If unlensed CMB fluctuates high, CMB power and Gaussian rec. noise N(© are high

"+ Derives from disconnected CMB 6-point

A2 e 8(2N(0)) 9 _ 2
COV(C¢reC¢rec, CTT )O(¢O) — __ ~L¢ CTT
L¢ disc. 8CET

T,eX

LT ,expt L1 ,expt

2L +1
pt

Correlation of unbinned power spectra is up to ~0.5% (at very high Ly):

3
x 10

Simulations

0 -1 0
0 500 1000L1500 2000 2500 0 500 1000 1500 2000 2500

L .
: Peak at Ly ~ 1800 = minimum of beam-deconvglved noisy temperature power C’ggt




LIKELIHOOD INGREDIENTS
TEMPERATURE-LENSING POWER-COVARIANCE

MS, Challinor, Hanson, Lewis 1308.0286
Decorrelating power spectra

" Can remove noise contribution (ii) with realisation-dependent bias correction

B (0)
2dd o nr(0) _ Add 8(QN ) AT
C90 —aNO = 699 § :ac o

expt

Simulations w/o Szmulatzons with
M) . realisation-dep. N (0), . realisation- dep N (O
x 10 x 10

4 ‘ 4
I ~ I~
O - - -

0 500 IOOOLISOO 2000 2500 500 IOOOLISOO 2000 2500 500 1000 1500 2000 2500
¢ ¢

" This also mitigates the off-diagonal reconstruction power auto-covariance
(for the same reason); can be understood from optimal trispectrum estimation




OPTIMAL TRISPECTRUM ESTIMATION

Obtain realisation-dependent N(®) bias mitigation also from optimal trispectrum
estimator using Edgeworth-expansion of lensed temperature around Gaussian:

reconstruction power  realisation-dep. realisation-indep.
(1Precdrec o N\ (0) N©O

t ! 1

1 o o
P(T) = {1 + ﬂ<Tz‘TkaT,l>c [TiTj T — (C@;lTle + 5 perms) + (Ciglc’k—ll + 2 perms)] }

lensing
trispectrum e

: v/ det(27C)

—T,C; . T /2

T; = lensed temperature
Cij = <TiTj>
3 —1




IMPACT OF cov(C%recdree TT)
LENSING AMPLITUDE

MS, Challinor, Hanson, Lewis 1308.0286

Impact of temperature-lensing power covariance on lensing amplitude A:

* Rescale lensing power spectrum C’f¢ — AC’}fqﬁ'

© Estimate from reconstruction power spectrum, A[C‘ a4

* and from smoothing of temperature power spectrum, A’ [C*(Z;fgt]

= cov(A, A') is linearly related to cov(Cyreetree CTT




IMPACT OF cov(C%recdree TT)
LENSING AMPLITUDE
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fully disconnected (noise)
connected 4-pt. type A
connected 4-pt. type A
connected 4-pt. type B primary
(¢*) conn. 6-pt. (matter cosmic variance)

— —4— Full theory

X Simulations

for fixed Il = 2002)

max




IMPACT OF cov(C%recdree TT)
LENSING AMPLITUDE

Wlth realis CltiOYl- MS, Challinor, Hanson, Lewis 1308.0286
| | | | [ ~ I | | l I
B dependent N () _

A O(gbZ) connected 4-pt. type B primary

—e—-O(¢*) conn. 6-pt. (matter cosmic variance)
— —4— Full theory

X Simulations

for fixed Il = 2002)

max




IMPACT OF cov(C%recdree TT)
LENSING AMPLITUDE
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= Neglecting cov(C?, C‘T,T) underestimates error of joint amplitude estimate by

A . e - (0)
~ correl(A, A') /2 ~ 3.5% (with realisation-dependent N°/,

Aoy
A otherwise ~ 5%)

joint

" Temperature-lensing power-covariance is
negligible for combined amplitude estimate

(and for cosmological parameters)




IMPACT OF cov(C%recdree TT)
LENSING AMPLITUDE
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Physical reasons for smallness of amplitude correlation

(1) Lens cosmic variance

© cov(A,A’) is limited by the small number of C*® modes affecting acoustic region of

cIT (including more lensing modes in A[C??] reduces cov(A,A’) because there are

increasingly more lensing modes in A[C??] whose fluctuations don’t enter A[CTT)).

o correl(A,A’) due to cosmic variance of these modes is diluted by CMB cosmic
variance and instrumental noise (because A and A’ are not limited by cosmic

variance of the lenses)




IMPACT OF cov(C%recdree TT)
LENSING AMPLITUDE
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Physical reasons for smallness of amplitude correlation
(1) Lens cosmic variance

cov(A,A’) is limited by the small number of C#? modes affecting acoustic region of

cIT (including more lensing modes in A[C??] reduces cov(A,A’) because there are

increasingly more lensing modes in A[C??] whose fluctuations don’t enter A[CTT)).

correl(A,A’) due to cosmic variance of these modes is diluted by CMB cosmic
variance and instrumental noise (because A and A’ are not limited by cosmic

variance of the lenses)

x 107
[T | |~~I
— o siT
| sf¢

o

(11) CMB cosmic variance

(98}
T T T

Roughly disjoint (independently
fluctuating) scales in the CMB contribute
to amplitude determination from peak-

[E—
1T T T T 17 [ T 1771

S/N per CMB mode

smearing and to lens reconstruction

)
T 1

600 800 1000 1400 1600 1800 2000 2200




IMPACT OF cov(C%recdree TT)
PHYSICAL PARAMETERS
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Impact of cov(éfrecqgrec, CA’T,T) on phys. params. p = (1%, Q.h% h, 7, Ag,ns, Q0% Q)

Joint data vector: ' = (CLL, %% — oN©) 1 N(O)

expt?

Joint covariance

L,e:>q~)t~ L
cov(é’frec(brec, C’T,T) 5LLfvarg(<C’f¢>)

COVL L/, joint = COV(QL,QL/) — (

5LLfvarg(CTT ) COV(CA'CIZ?T, égfecqbrec))

aC
Opi

8QL/

Fisher matrix: F;; = Z 5
Pj

LL’

(COViging) LL

" Fisher errors increase by at most 0.7% if Cov((:’frecqbrec, CA’,@T) is included

= Temperature-lensing power-covariance negligible for physical parameter errors




CMB LENSING RECONSTRUCTION
LIKELIHOOD FORM
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So far assumed likelihood based on reconstruction power (rec®rec instead of ¢,c. map
" Well established for temperature, but unclear for (non-Gaussian) reconstruction
" Compare two lensing-likelihood models:
1. Gaussian in qgrec:
o
ACP? + N

—2In L1 (0]A) o< Yy (20 +1) (
[

+ In ’AC’;b¢ + Nl|>

2. Gaussian in (@rec®ree (vith parameter-independent covariance):

210 L5(C%]4) o Y [O;W — (ACY? + Nl)} (cov i [C*;é¢ — (ACP? + sz)]
L1

 Estimate lensing amplitude (and tilt) from both likelihoods,
compare scatter of best-fit parameter vs. likelihood width




CMB LENSING RECONSTRUCTION
LIKELIHOOD FORM

MS, Challinor, Hanson, Lewis 1308.0286
So far assumed likelihood based on reconstruction power (rec®rec instead of ¢,c. map
" Well established for temperature, but unclear for (non-Gaussian) reconstruction
" Compare two lensing-likelihood models:
1. Gaussian in qgrec:
o
ACP? 4+ N,

—2In L1 (0]A) o< Yy (20 +1) (
[

+ In ’AC’;b¢ + Nl|>

2. Gaussian in (@rec®ree (vith parameter-independent covariance):

210 L5(C%]4) Y [CW — (ACY? + NZ)} (cov g [é;?¢ — (ACP? + Nz/)}
L1

 Estimate lensing amplitude (and tilt) from both likelihoods,
compare scatter of best-fit parameter vs. likelihood width

= 2. performs better than 1. (see paper)




CMB LENSING RECONSTRUCTION
LIKELIHOOD TESTS
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Scatter of best-fit lensing amplitude A vs. likelihood width in single realisations

15

Gaussian 10f
in ¢rec ~
5E

O:

(a) £1 without N(): biased (b) £1 with N(I): unbiased but (¢) £ for Gaussian mock g with
underestimates variance power Cc9® + N©O) + n@). good
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LIKELIHOOD TESTS
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Scatter of best-fit lensing amplitude A vs. likelihood width in single realisations

15

Gaussian 10f
in ¢rec ~
5E

OI

(a) £1 without N(): biased (b) £1 with N(I): unbiased but (¢) £ for Gaussian mock g with
underestimates variance power Cc9® + N©O) + n@). good

15

Gaussian | 19

, A7 n U -
Zn C(brec ¢rec E
st

OI

(d) L2 with diagonal covariance:  (e) L2 with non-diagonal, non-Gaussian (f) L5 with empirical N(©) subtraction
underestimates variance covariance: good and diagonal covariance: good




CMB LENSING RECONSTRUCTION
LIKELIHOOD TESTS
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Scatter of best-fit lensing amplitude A vs. likelihood width in single realisations

15

Gaussian 10f
in ¢rec ~
5E

OI

*'\ze';:
)

'(//"'

N

_ \
Gaussian | 'O // \\\
l?’l é(brecgbrec h ‘ ‘
5F | \

O:

\}\

:

(d) L2 with diagonal covariance:  (e) L2 with non-diagonal, non-Gaussian (f) L5 with empirical N(©) subtraction
underestimates variance covariance: good and diagonal covariance: good




CMB LENSING RECONSTRUCTION
LIKELIHOOD TESTS
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For L2, we do not test the likelihood but rather the reconstruction power covariance
(because A o C'??)

= Additionally vary lensing tilt n to test La: Cqu5 — (A <i> C’f ¢ [, =124

s

Lo with diagonal realisation 1 realisation 2 realisation 3 Distribution of
NSNS, — T RN T N 4 bestfit parameters
cov(qub, Cf,qﬁ) € fitp

I
= =
—_— O

~. Likelihood in
"/ single realisations

o
[

I
o
[

lensing tilt n
o

= underestimates
errors

09 1 1109 1 1109 I
lensing amplitude A
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LIKELIHOOD TESTS
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For L2, we do not test the likelihood but rather the reconstruction power covariance
(because A o C'??)

= Additionally vary lensing tilt n to test La: Cqu5 — (A <i> C’f ¢ [, =124

s

Lo with non-diagonal Irealisa_ltion 1 Irealisaltion 2 Irealisc;ltion 3 Distribution of

A22 AR ~\ / best-fit parameters
cov(C3%, C37) W< M

I
= =
—_— O

, , , ~ Likelihood in
realisation 6 | "/ single realisations

—
ek

I
—
[

lensing tilt n
o

= ~ consistent
errors
(b/c NonG of @rec

partially included by
non-diagonal cov)

00 1 1109 1 1109 1
lensing amplitude A




CMB LENSING RECONSTRUCTION
LIKELIHOOD TESTS: QUANTITATIVELY

Lo With diagonal | Ly with non—diagonal Lo Wlth dzagonal

COV(C’ e ) cov(C’ O ) | COV(O ’O ’) " (0
| and realisation-dep. N (0)

Deviation of areas of confidence ellipses

dashed: unbinnec|1§
solid: binned

dashed: unbinne(|1§
solid: binned

dashed: unbinned_ﬁ
solid: binned

1000 2000 |
R |

max

deviation of contour area in %
deviation of contour area in %

IS8
e
o —
<
e
[as]
f]
o]
o
N
g
o
Q
i
o
a
o
=
<
o=
>
Q
o

: ~ (area dev.)/2

~ 34% ~ 8%

w Lo is accurate likelihood approximation if non-diagonal cov(C?,C7) or N is used




CONCLUSIONS
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Understand non-Gaussianity of ¢rc and correlation with temperature analytically

~ (0 _ .
(iPrectrec ATT _ 8(2N£¢)) 2 OTT . 1 Zcﬁ 2 bd 2007
V(0L CLrep) = oCTT  2Lr+1 ( LTveXPt> i Ar, i 2Ly + 1 ( L¢) oC
T,€XP o
noise contribution
(disconnected 6-point)

matter cosmic variance

connected
(connected 6-point)

4-point

Found methods to treat/ mitigate both

This has significantly simplified joint analysis of C™T and Orec for Planck:
no cross-term!

" Likelihoods can be modeled separately, In E(Cffa Prec) = In E(CTT) +In 52(@60))

" Non-Gaussianity of ¢rec modeled by likelihood that’s Gaussian in i frechree




Thanks



